Introduction
Monoamine oxidase (MAO), a flavin adenine dinucleotide (FAD)-dependent mitochondrial enzyme located on the outer mitochondrial membrane, catalyzes oxidative deamination of a variety of endogenous amines including dopamine, norepinephrine (noradrenaline), epinephrine (adrenaline), serotonin, phenylethylamine, and xenobiotic amines such as benzylamine and kynuramine [1, 2] . MAO exists in two immunologically and catalytically distinct isoforms, type A (MAO-A) and type B (MAO-B), having their own different distribution in human tissue, substrate preference, and inhibitor specificity [3] . The amino acid sequences deduced from cDNA clones that encode MAO-A and -B show a 70% homology [3] . This high homology makes identifying selective and clinically useful inhibitors for either of the MAO subtypes challenging. MAOs play important roles in brain function and development, and therefore MAO inhibitors have a wide range of potential therapeutic uses [4, 5] . Non-selective MAO inhibitors and selective MAO-A inhibitors have shown potential for treating depression, panic disorder, and other anxiety disorders when first-line treatments show poor results [6, 7] . Selective inhibitors of MAO-B, by contrast, have shown high potential in treating Parkinson's disease [8, 9] and Alzheimer's disease [7, 10] .
The endocannabinoids are highly lipophilic molecules that are naturally produced or made on demand during physiological and/or pathological events by the human body and released in response to activation of metabotropic glutamate receptors or postsynaptic depolarization to stimulate cannabinoid receptors [11] [12] [13] [14] . The endocannabinoid system includes two receptor subtypes, cannabinoid receptors 1 (CB1) and 2 (CB2), their endogenous ligands (endocannabinoids) and endocannabinoid-degrading enzymes such as fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL). Endocannabinoids are widely distributed throughout the body: in the brain, organs, connective tissues, immune system and glands. Anandamide (AEA), 2-arachidonoylglycerol (2-AG), and several other endogenous cannabinoids such as noladin ether (CB1/CB2 agonist), virodhamine (CB1 partial agonist/antagonist and CB2 agonist) and Narachidonyl-dopamine (CB1 agonist) are lipid mediators and have the C20:4 (20 carbons and 4 double bonds) moiety in their structure [14] .
There is no exact mechanism or detailed information available that describes the effect of cannabinoids on monoaminergic neurotransmission, and the link between the endocannabinoid system and the MAO system remains unclear. Little is known about the regulation of dopamine, norepinephrine, or serotonin catabolism in cannabinoid addiction [15] or the role of cannabinoids/endocannabinoids on MAO functions [16] . Several studies have shown that the endocannabinoid system impacts mood regulation/anxiety [17] , depression, and other neuropsychiatric disorders [12] , which are associated with an imbalance in glutamatergic, GABAergic, glycinergic, cholinergic, serotonergic and noradrenergic neurotransmissions [18, 19] . Bambico et al. [20] showed that cannabinoid drugs might potentiate monoaminergic neurotransmission and hippocampal neurogenesis via distinct pathways compared to classical antidepressants, which may provide an alternative drug class for treating mood and other neuropsychiatric disorders. Similarly, Ahanasiou et al. [21] reported that endocannabinoids, phytocannabinoids, and synthetic cannabinoid receptor agonists directly alter integrated mitochondrial function when cannabinoid receptors were knocked down. An in vivo study by Hill et al. [22] revealed that the chronic administration of a non-selective irreversible MAO inhibitor, tranylcypromine, altered the endocannabinoid system through reduced anandamide content and increased CB1 receptor density in the hippocampus and prefrontal cortex, but did not show any direct CB1 receptor binding. Similarly, the endocannabinoid system is down-regulated in the hippocampus by chronic stress or glucocorticoid administration [23] . These data suggest that monoaminergic neurotransmission could be involved in the regulation of the endocannabinoid system and may play a potential role in mood disorders. Fisar's study [16] indicates that endocannabinoids can modulate monoaminergic neurotransmission in the brain by their direct effect on MAO function, in addition to CB1 receptor activation. Fisar [16] tested three cannabinoid receptor agonists, anandamide, tetrahydrocannabinol (Δ 9 -THC), and WIN55212-2, for MAO activity in a crude mitochondrial fraction isolated from pig brain cortex and found MAO inhibition only at high concentrations. However, earlier studies found contrary effects of THC on MAO activity: THC elicited inhibitory [24] , stimulatory [25] , or no pharmacological effects [26] , according to the different references. Virodhamine is a partial agonist/antagonist at the CB1 receptor and acts as a full agonist at the CB2 receptor. In vitro data revealed that virodhamine can act as an endogenous antagonist at the CB1 receptor in the presence of anandamide [27] . Virodhamine also exhibits vasorelaxant activities in isolated small mesenteric artery from rat [28] . Porter et al. [27] found significant levels of virodhamine in human hippocampus and in various tissues in rat and the levels were similar to those of anandamide. In other rat tissue, the levels of virodhamine were significantly higher than those of anandamide. The level in human hippocampus was 5.3 picomoles/g and in rat hippocampus was 16.3 picomoles/g. This level is high enough to lead to significant effects such as reported by Porter et al. [27] .
With the above-mentioned points in mind, the present study investigated in vitro effects of four endocannabinoids and two anandamide analogs (Fig. 1) against human MAO-A and -B activities to determine the role of the cannabinoids in regulation of neurotransmitter monoamines. To the best of our knowledge, we report the first in vitro effects of endocannabinoids and related analogs against human MAO-A and -B activities. The study was further extended to evaluation of binding and interaction of virodhamine with human MAO-B, considering enzyme-kinetics, enzyme-inhibitor complex formation with equilibrium dialysis dissociation, and computational docking analysis of virodhamine to X-ray crystal structures of MAO-A and -B.
Materials and methods

Reagents and chemicals
The recombinant human monoamine oxidases (hrMAO-A and -B) were procured from BD Biosciences (Bedford, MA, USA). Kynuramine dihydrobromide, 4-hydroxyquinoline, clorgyline, R-(−)-deprenyl hydrochloride, phenelzine sulfate, potassium phosphate and dimethyl sulfoxide (DMSO) were obtained from Sigma Chemical Co. (St. Louis, MO, USA). Virodhamine and related analogs were obtained from Tocris Bioscience (Bristol, UK). Safinamide was obtained from TCI Chemicals, USA. The Falcon flat-bottom 384-well white microplates, used for the MAO assays, were procured from Fisher Scientific Co., USA.
Determination of inhibition effect (IC 50 ) against MAO-A and -B
The in vitro assays were performed to measure the inhibition effects of virodhamine and related analogs on enzymatic activities of recombinant human MAO-A and -B. Phenelzine (a nonselective MAO inhibitor), deprenyl (a selective MAO-B inhibitor), and clorgyline (a selective MAO-A inhibitor) were tested simultaneously as reference standards [29] . Stock solutions (10 mM) of the compounds were prepared in DMSO. The compounds were serially diluted in enzyme assay buffer [30] . The assay tolerates the highest DMSO concentration of 0.1% without any effect of the solvent on the enzyme activities. The MAO-A and -B activities were determined by fluorometric kynuramine deamination assays [30, 31] . The assays were performed in white flatbottom 384-well microplates. The MAO-A and -B inhibition activities (IC 50 values) of virodhamine and related analogs were determined using a fixed concentration of the substrate (80 μM for MAO-A and 50 μM for MAO-B) and varying concentrations of test compounds (0.01-100 µM). These substrate concentrations, which are based on Km values of the recombinant human MAO-A and -B for kynuramine [31] , were used as recommended by BD Biosciences. The inhibition constants (IC 50 values) were computed by analysis of dose-response inhibition curves with the MS Excel-based XLFit plug-in program.
Enzyme kinetics and mechanism studies
Assays were performed at varying concentrations of kynuramine (1.90-500 μM) and at particular fixed concentrations of the test inhibitor for determination of the enzyme inhibition constants (K i ) for inhibition of MAO-A and -B with virodhamine. In addition to the controls without inhibitor, two concentrations (one below and one above the IC 50 values) of the inhibitor were tested to determine the K M and V max values in the presence of inhibitor. The results are presented as double reciprocal Lineweaver-Burk plots and the kinetic data, namely K M , V max and K i values, were calculated in the Enzyme-Kinetics module of SigmaPlot 12.3 using the Michaelis-Menten equation. The data on enzyme activity at different concentrations of the substrate and at at least two fixed concentrations of the test inhibitor were entered into a SigmaPlot data sheet for the curve fitting and graphic analysis of the enzyme kinetics data. The results were analyzed for the type of inhibition. The K i values for mixed-type enzyme inhibition, as observed in the case of virodhamine, are computed by the Enzyme-Kinetics module as the mean of K i values, i.e., K ic for the competitive and K iu for the uncompetitive parts of inhibition.
Effect of virodhamine on MAO activity in Neuroscreen-1 (NS-1) cells
The Neuroscreen-1 (NS-1) cells (a subclone of rat pheochromocytoma neuroendocrine PC12 cells) were cultured as described in our previous publication [32] . The NS-1 cells in a suspension culture were treated with virodhamine (100 μM) or deprenyl (1.0 μM) for 12 h. The cell lysates were prepared and MAO activity was determined in control and treated cell lysates as described in Section 2.2.
Analysis of binding characteristics of virodhamine with MAO-B
The characteristics of virodhamine binding for inhibition of MAO-B were examined by incubating the recombinant enzyme protein with high concentrations of the inhibitor followed by an extensive equilibrium dialysis of the enzyme-inhibitor complex and the recovery of catalytic activity of the protein. Recombinant human MAO-B (50 μg/mL protein) was incubated with virodhamine (10.0 μM) in an enzyme incubation mixture of 1 mL containing 100 mM potassium phosphate buffer (pH 7.4). After incubation for 20 min at 37°C, the reaction was terminated by chilling the reaction mixture on ice. The samples with the enzyme-inhibitor complex were dialyzed against potassium phosphate buffer for 14-16 h at 4°C (changing buffer three times). A similar process was run for the enzyme control (without inhibitor) and the enzyme catalytic activity was measured before and after dialysis. After dialysis of the enzyme-inhibitor incubation mixture, retrieval of the enzyme activity delivered important information concerning the irreversibility of the virodhamine binding with the enzyme.
Time-dependent enzyme inhibition assay with MAO-B
In order to analyze the time-dependent inhibition of the catalytic function of MAO-B by virodhamine, the enzyme was pre-incubated for different time intervals (0-15 min) with virodhamine at a concentration (2.5 μM) that produced > 60% inhibition of the enzyme activity. Deprenyl (0.100 μM) was tested as a control MAO-B inhibitor. Controls in the absence of inhibitors were also run simultaneously. The results were analyzed with the percent enzyme activity remaining plotted against the pre-incubation time to evaluate the time-dependent enzyme inhibition.
Computational analysis of interactions of virodhamine with human MAO-A and -B
The X-ray crystal structures of human MAO-A (PDB ID: 2Z5X) [33] and MAO-B (PDB ID: 1OJ9) [34] were downloaded from the Protein Data Bank (https://www.rcsb.org/) and prepared for proper ionization state, bond order and missing side chains using Maestro [35] . Conserved water molecules were retained for docking study. In order to identify conserved waters in the crystal structures of MAO-A and -B, an alignment and overlay of water molecules near the ligand binding site was used, based on 2Z5Y [33] and 2Z5X [33] X-ray crystal structures for MAO-A, and on 2XCG [36] , 1OJ9 [34] , 1S2Q [37] , 4A79 [38] , 2V5Z [39] , 2BYB [40] , and 2VRM [41] crystal structures for MAO-B. Virodhamine and kynuramine were sketched in Maestro, and prepared and energy minimized at physiological pH of 7.4 using the LigPrep [42] module of the Schrӧdinger software. The active sites of the MAO-A and -B proteins were each defined by the centroid of the co-crystallized ligand present in 2Z5X and 1OJ9, respectively. For comparison, we also performed docking considering N5 of FAD as the centroid of the active site. Virodhamine and kynuramine were docked using the InducedFit [43] docking protocol by applying the extra-precision (XP) [44] docking method and the top 10 poses were kept for analysis. Binding free-energy calculations were further performed for the best docking poses using the Prime MM-GBSA module [45] implemented in the Schrӧdinger software.
Results
Determination of inhibitory effects of virodhamine and related analogs on MAO-A and -B
This study investigated the effects of virodhamine and related analogs (Fig. 1) on the in vitro activity of monoamine oxidase (MAO), the enzyme responsible for metabolism of monoamine neurotransmitters and affecting brain development and function. The effects of endocannabinoids and related analogs on recombinant human MAO-A and -B activity were assessed in comparison with deprenyl, a wellknown potent irreversible selective MAO-B inhibitor, phenelzine, a potent nonselective MAO-A and -B inhibitor, and safinamide, a selective MAO-B inhibitor. Among the tested cannabinoids, virodhamine was the most potent inhibitor of MAO-B. Virodhamine inhibited both MAO-A and -B (IC 50 values of 38.70 μM and 0.71 μM, respectively), with ∼ 55-fold greater inhibition of MAO-B (Table 1, Fig. 2 ). Two other endocannabinoids, noladin ether and anandamide, also showed greater inhibition of MAO-B than of MAO-A, with MAO-B IC 50 values of 18.18 μM and 39.98 μM, respectively (Table 1) ; however, the inhibition of MAO-B by these two endocannabinoids was significantly lower compared to virodhamine (Table 1) .
Evaluation of MAO-B inhibition kinetic of virodhamine
Virodhamine was further evaluated for kinetic characteristics and the mechanism of inhibition of the human MAO-B, since it was the most active at MAO-B. Virodhamine was tested for MAO-B inhibition at varying concentrations of kynuramine, a nonselective substrate, to investigate the nature of inhibition of the enzyme. Two additional concentrations of the inhibitor (one below and another above the IC 50 value) were selected. The enzyme kinetics data are presented as double reciprocal Lineweaver-Burk plots (Fig. 3) . The K i (inhibition constant) values and other enzyme kinetic parameters were computed with the SigmaPlot 12.3 enzyme module. Virodhamine inhibited the catalytic functions of MAO-B (K i value of 0.258 ± 0.037 μM) through a mixed enzyme inhibition mechanism, as demonstrated by Table 2 and Figs. 3 and 4.
Analysis of binding of virodhamine with MAO-B
The characteristics of binding of virodhamine with recombinant human MAO-B was investigated through enzyme-inhibitor complex dissociation by equilibrium dialysis. Virodhamine was incubated with the recombinant enzyme (MAO-B) protein for 20 min. The resulting enzyme-inhibitor complex mixture was dialyzed overnight. The catalytic activity of the enzyme was determined before and after the dialysis. The control reaction, which was done on the recombinant human MAO-B protein incubated without the inhibitor, lost about 5% of the enzyme activity during overnight dialysis. Incubation of MAO-B with virodhamine (10.0 μM) caused almost complete inhibition of catalytic activity of the enzyme. After overnight dialysis, only 2.644 ± 0.450% of the activity of the enzyme was recovered from the enzyme-virodhamine incubation mixture. Similar treatment of the enzyme with phenelzine (a non-selective MAO-A/B inhibitor) and deprenyl (a selective MAO-B inhibitor) also showed irreversible inhibition/binding with the human MAO-B protein. This indicated formation of un-dissociable enzyme-inhibitor complexes. Thus, the binding of virodhamine with MAO-B was found to be irreversible (Fig. 4) .
Time-dependent inhibition of MAO-B with virodhamine
The time-dependent binding inhibition of MAO-B by virodhamine was studied as described in the Material and method section. Pre-incubation with 0.25 μM virodhamine for 0-15 min produced ∼55-70% inhibition (Fig. 5) . The results showed that inhibition of MAO-B by virodhamine was time-dependent, similar to that by deprenyl.
Effect of treatment of Neuroscreen-1 (NS-1) neuroendocrine cells with virodhamine on MAO activity
The Neuroscreen-1 (NS-1) cells (a subclone of rat pheochromocytoma neuroendocrine PC12 cells) were treated with virodhamine, ethanol or deprenyl for 12 h. The MAO activity was determined in the cell lysates prepared from control (untreated) and treated cells (Fig. 6) . Treatment with deprenyl resulted in > 90% inhibition in MAO activity, while treatment with virodhamine caused > 60% inhibition of MAO activity.
Molecular modeling study
Docking of virodhamine to MAO-A or MAO-B was done considering the co-crystallized ligand as the centroid of docking. However, for kynuramine, which is a considerably smaller molecule than virodhamine or the co-crystalized ligands, docking using the centroid of the cocrystallized ligand gave variable poses (different docking poses for which it looked unlikely that kynuramine could act as a substrate), with kynuramine rather far from N5 (> 4 Å), whereas using N5 as the centroid of docking gave a pose with kynuramine's terminal amine close to N5 (< 2 Å). So, we used the latter approach for kynuramine. The docking protocol was validated by self-docking in which the X-ray structure native ligands, harmine and 1,4-diphenyl-2-butene, were docked into their corresponding proteins' stuctures, of MAO-A and -B, respectively. We calculated the RMSD between the docked and experimental poses to be 0.34 Å and 0.53 Å, respectively (Fig. 7) , verifying that the docking protocol worked well.
The molecular docking study in the presence of conserved waters showed that virodhamine binds preferentially to MAO-B ( (Table 3) . When all the conserved waters were removed from MAO-A and -B, the docking scores were considerably poorer for MAO-A and -B [GlideScore (MAO-B) = −9.96 kcal/mol, GlideScore (MAO-A) = −6.51 kcal/mol). These observations suggest the role of conserved waters in the ligand interactions with MAO-A and -B.
Docking of virodhamine to MAO-B (PDB ID: 1OJ9) showed that the terminal -NH 2 group of virodhamine faced towards N5 of FAD with an N-N distance of 3.12 Å. However, docking of virodhamine to MAO-A (PDB ID: 2Z5X) showed that its terminal -NH 2 group was far away (6.52 Å) from N5 of FAD, and virodhamine also encountered bad contacts with nearby water molecules. This difference could explain virodhamine's higher potency and binding preference for MAO-B over MAO-A. Binding free energies for the computationally-predicted poses of virodhamine (MAO-A = −33.97 kcal/mol and MAO-B = −48.00 kcal/mol) also agree with the experimental IC 50 results, that virodhamine binds better to MAO-B. Virodhamine's terminal -NH 2 group (which should be protonated at physiological pH) exhibited cation-π interactions with Tyr398 and was surrounded by hydrophobic residues of MAO-B: Tyr60, Cys172, Ile198, Phe343, and Tyr435 were all within 4 Å. The terminal -NH 2 group of virodhamine in MAO-A formed hydrogen bonds with Ile180 (backbone) and Gln215 (side chain) (Fig. 8) . In MAO-B, the terminal alkyl group of virodhamine extended beyond the gate-keeper residues (Ile199 and Tyr326) and the extended alkyl chain exhibited strong hydrophobic interactions with these residues. In contrast, the docking of kynuramine (a non-selective MAO substrate) resulted in a poorer docking score (GlideScore = −7.67 kcal/mol) and binding free-energy (ΔG = −36.71 kcal/ mol) compared to virodhamine, even though the terminal -NH 2 of kynuramine and terminal -NH 2 of virodhamine aligned almost identically ( Fig. 9 and Table 3 ). These modeling data show that virodhamine exhibited strong non-covalent binding interactions with MAO-B.
Discussion
Our in vitro findings demonstrate MAO-B inhibitory pharmacological function of the endocannabinoid virodhamine. An earlier study has also investigated the effects on MAO-A and -B of cannabinoids and (Fig. 2) . Two other endocannabinoids (noladin ether and anandamide) also showed greater inhibition of MAO-B than MAO-A (Table 1) . Similarly, an anandamide analog, (R)-(+)-methanandamide also exhibited MAO-B inhibitory activity with IC 50 value in the micromolar range. Interestingly, five of the six compounds tested preferentially inhibited MAO-B and were inactive (up to 100 μM, the highest concentration tested) against MAO-A. For the exception, oleylethanolamide, its higher degree of saturation in the alkyl moiety (only one isolated double bond) led to no activity of oleylethanolamide against either isoform of MAO. In the present study, all the tested compounds shared the common arachidonoyl tail structure but differed in their hydrophilic head groups (Fig. 1) . The critical micellar concentrations (CMC) reported by Glick et al. [46] for arachidonic acid and arachidonoyl alcohol were 73 µM and 30 µM, respectively, while Pearlman et al. [47] mentioned that the CMC value for arachidonic acid was ∼30 µM. Moreover, Baur et al. [48] reported the CMC value for 2-AG and the related structure NA- Phenelzine (a nonselective MAO inhibitor) and deprenyl (a selective MAO-B inhibitor) were tested simultaneously as reference standards. glycine to be 4.2 ± 0.5 µM and > 100 µM, respectively. The concentration of virodhamine required to inhibit MAO-B (IC 50 = 0.7 µM) is well below the reported CMC values for the virodhamine analogs. Other analogs such as 2-AG, noladin ether, anandamide, and (R)-methanandamide did not show any solubility issues. Additionally, no flat curves were found for the dose-response inhibition of MAO-B by virodhamine or analogs. These points rule out any impact of the formation of micelles by these compounds on their levels of enzyme inhibition at the concentrations tested.
To characterize the kinetics and the mechanism of inhibition mode of the endocannabinoid virodhamine, we incubated it with MAO-B at two concentrations, one below and another above its IC 50 value. Virodhamine was tested for MAO-B inhibition kinetics at varying concentrations of substrate kynuramine. The enzyme kinetics Lineweaver-Burk plots confirmed that virodhamine inhibited MAO-B (K i value of 0.258 ± 0.037 μM) through mixed mechanism/irreversible binding (Table 2 and Fig. 3) . We also performed a dialysis study to characterize the inhibition mode of virodhamine by incubating it with MAO-B at a concentration equal to 5 times its IC 50 and subsequently dialyzed it overnight against buffer solutions. The positive control, R-(−)-deprenyl, an irreversible MAO-B inhibitor, was similarly incubated and dialyzed overnight against buffer solutions. As a negative control, MAO-B was dialyzed in the absence of virodhamine. The results of the dialysis study showed that virodhamine is an irreversible MAO-B inhibitor because dialysis did not restore the enzyme activity observed with the positive control (Fig. 4) . The enzyme-inhibition kinetics and ligand interactions analysis with equilibrium dialysis suggested irreversible binding of virodhamine with human MAO-B. In addition, the time-dependent binding inhibition assay of MAO-B with virodhamine showed that inhibition of MAO-B by virodhamine was time-dependent. Selegiline and rasagiline, well-known irreversible inhibitors of MAO-B, are used clinically for the treatment of Parkinson's disease [49] . Safinamide is a reversible MAO-B inhibitor which has recently been approved for Parkinson's disease treatment [9] . Our results suggest [49, 50] . Selective MAO-B inhibition also leads to increase in endogenous β-phenylethylamine (PEA) levels in the brain [51] . The increase in endogenous PEA levels produces dopamine release-promoting activity and contributes to positive effects on motor features and behavior [52] .
The computational docking studies provided further insights into selective interactions of virodhamine with the human MAO-B. Virodhamine binds in an extended conformation and fits reasonably well into the binding cavities of both MAO-A and MAO-B. However, virodhamine binds tightly to MAO-B by forming π-π stacking and strong hydrophobic interactions with nearby amino acid residues (Fig. 8) . This allows strong van der Waals contacts with active site residues in both cavities, which leads to potent inhibition of the enzyme function. The docking poses showed the terminal alkyl moiety of virodhamine situated within the entrance cavity and the amino groups (-NH 2 ) orientated towards the FAD cofactor in the substrate-binding cavity. Additionally, the conserved water molecules within the enzyme active site were important for interaction of virodhamine with MAO-B. The overall characteristics of the interactions of virodhamine with human MAO-B are similar to those of kynuramine (Fig. 9) , the non-selective MAO-A/B substrate employed in these studies, and also to those reported recently for dopamine, the selective MAO-B substrate [53] .
The importance of the endocannabinoid system in mood disorder and depression is generally potentiated through monoaminergic neurotransmission and hippocampal neurogenesis [20] , which opens the possibility for researchers to look for CB ligands as new drugs for mood or psychotropic disorders. There are functional neural interactions between the dopamine receptor systems and the cannabinoid receptor systems [54] . The interactions between these two receptor systems may be important in addiction, Parkinson's disease, and schizophrenia. The selective MAO-B inhibitory property of virodhamine and other related analogs reported in this study suggests the potential of these analogs to modulate the levels of biogenic monoamines in brain and peripheral tissues. The results reported present the scope for additional neuropharmacological actions for virodhamine and analogs, besides their interactions with cannabinoid receptor function [27, 55] . Treatment of Neuroscreen-1 (NS-1) cells (a sub-clone of rat endocrine PC12 cells) with virodhamine produced significant inhibition of MAO activity. This observation confirms the potential uptake of virodhamine by neuronal cells. Virodhamine treatment has shown significant neuropharmacological action in peripheral systems as well as in brain in vivo in animal models [56] [57] [58] . These reports indicated the potential uptake of virodhamine by brain. Further studies would be required to determine the effect of virodhamine and related analogs on neuropharmacological functions associated with monoaminergic neurotransmission functions specially linked to effects mediated by MAO-B.
In conclusion, we have demonstrated that virodhamine is a timedependent irreversible inhibitor of MAO-B. Further, we identified inhibitory effects of endocannabinoid virodhamine and related analogs on MAO-A and -B activity and studied enzyme-inhibition kinetics for virodhamine on MAO-B. Finally, we demonstrated the interaction profile and binding mode of virodhamine to MAO-B using Induced-Fit docking study. The selective inhibition of MAO-B of virodhamine shows the potential therapeutic application of this endocannabinoid for the treatment of Parkinson's disease and Alzheimer's disease.
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